Abstract: A full-length amphioxus (Branchiostoma belcheri tsingtauense) NM23-Bbt2, NM23-H2 homologue, cDNA was isolated from the cDNA library and sequenced. The obtained amphioxus NM23-Bbt2 cDNA contains an open reading frame coding for 171 amino acids. Sequence analysis showed that the amphioxus NM23-Bbt2 was highly conserved with that of other species, and all of them contained highly conserved motifs that play important roles in the function of NM23. RT-PCR revealed that NM23-Bbt2 is expressed in the neuronal tissues and is expressed in all stages during the embryogenesis. Nucleoside kinases are thought to have a critical role in regulatory processes such as signal transduction, proliferation, and differentiation. Taken together, these results suggest that nucleoside diphosphate kinases have an important role to play in embryogenic development in amphioxus. Phylogenetic analysis showed that the amphioxus group 1 NDPKs (Bf1-4) may be precursors of the human group 1 NDPKs, NM23-Bf5, NM23-Bf6, NM23-Bf7 and NM23-Bf8 may be precursors of NM23-H5, NM23-H6, NM23-H7 and M23-H8, respectively. Our finding of nine NM23 genes in Branchiostoma floride, the precursor of vertebrates, strongly suggests that the ancestral gene corresponding to each of vertebrates NM23 genes generated before the appearance of vertebrates. Comparison of the gene structures of NM23-H2 homologue from invertebrates to vertebrates suggests that the locations of three of the four introns are conserved in amphioxus and vertebrates.
Introduction
NM23, a conspicuous metastasis-suppressor, belongs to a large family of structurally and functionally conserved proteins. It was originally identified in murine K-135 melanoma cell lines (Steeg et al. 1988a ). It exhibits nucleoside diphosphate kinase (NDPK) activity that catalyzes nucleoside diphosphates to nucleoside triphosphate. In addition to its basic enzymatic activity, NM23 is implicated in cell proliferation, differentiation and cancer cell metastasis. NM23-H1 and NM23-H2 are the most widely studied members in NM23/NDPK gene family in human (Lacombe et al. 2000) . Reduced expression of NM23-H1 is correlated with aggressive forms of melanoma, breast and gastric cancer (Steeg et al. 1988b; Hennessy et al. 1991; Florenes et al. 1992; Terada et al. 2002) . Conversely, overexpression of NM23 can reduce the metastatic potential of these tumor cells in vivo (Kantor et al. 1993; Leone et al. 1993; MacDonald et al. 1996) . NM23-H2, also known as PuF, transactivates the c-myc protooncogen (Postel et al. 2000b) and is involved in DNA repair processes (Postel et al. 2000a ). It was suggested that both NM23-M1 and NM23-M2 might improve cell survival through the DNA repair processes in mouse (Arnaud-Dabernat et al. 2004 ). Loss of function of Drosophila awd (NM23 homologue gene) mutants exhibited early pupal lethality (Biggs et al. 1988; Dearolf et al. 1988a ) and these lethality embryos could be rescued by human NM23-H2 (Xu et al. 1996) . NM23-H2 interacts with integrin cytoplasmic domain-associated protein ICAP-1α, which is essential for cell adhesion (Fournier et al. 2002) . The products of the NM23 genes may also be of importance in maintaining the appropriate differentiation and signaling pathways in neuronal cells (Gervasi et al. 1996; Ishijima et al. 1999) .
NDPK is a universal enzyme at a pivotal position of nucleoside synthesis pathway, and is universally present in the three domains of life: Eubacteria, Archaea and Eucarya. These NDPK genes were therefore utilized as a good parameter for the study of molecular evolution (Doolittle et al. 1996) . Generally, in unicellular organisms, there is only one NM23/NDPK gene; while there are multiple divergent paralogous genes, which derived from one ortholog gene during gene duplication, in most of multicellular organisms. The or-804 F. Xing et al.
tholog gene was NM23-H2 or its corresponding gene in different species. The number and diversity of the gene family have seemingly been increased in association with the complexity of the body plan. Phylogenetic study showed (Ishikawa et al. 2003 ) that major genedivergent events most probably caused by gene duplications seemed occurred at and after the explosive division of the three major kingdoms: fungi, plants and animals.
Amphioxus, a cephalochordate, is believed to be the closest living relative of the vertebrates. It is often regarded as an important model animal for phylogenetic studies on the evolution of animals from invertebrates to vertebrates (Li et al. 2006) . However, little is known to date concerning the NM23 gene in this evolutionarily important organism. We therefore isolated and characterized the NM23-H2 homologue gene from the amphioxus Branchiostoma belcheri and examined its expression pattern in early development and in different tissues of adult amphioxus.
Material and methods

Sampling of amphioxus embryos
Adult amphioxus (B. belcheri tsingtausenese) was collected from Shazikou, suburb of Qingdao city. Mature adults were spawned in the laboratory as previously described (Tung et al. 1958) . Synchronously developing embryos and larvae were cultured and collected at different development stages. Sampled embryos and larvae were frozen in liquid nitrogen for DNA and RNA extractions.
Construction of amphioxus embryonic cDNA library
A high quality cDNA library was constructed by using amphioxus embryos 24-40 h after fertilization. Briefly, total RNAs were extracted from embryos using Trizol (Invitrogen, USA) and mRNAs were purified using a Nucleo Trap mRNA mini purification kit (BD Biosciences, USA). cDNA library was constructed according the instruction of cDNA library construction kit (Clontech, USA). The constructed cDNA library was saved in a −20
Isolation of the amphioxus NM23-Bbt2 cDNA During screening amphioxus cDNA library, a DNA fragment was found to be partial NM23-H2 homologue. The remaining sequence was isolated as DNA fragments by a PCRbased rapid amplification of cDNA ends protocols method (Clontech, USA) using the specific primers (NM23h2-5r1 and NM23h2-5r2) and the adaptor primers (AP1 and AP2) ( Table 1 ). All of fragments were cloned into pUCm-T vector (Sangon, Shanghai) and sequenced.
Isolation of the NM23-Bbt2 genomic DNA In order to amplify the introns of NM23-Bbt2 gene, the PCR was performed with two specific primers (NM23h2-for and NM23h2-rev) using about 100 ng of genomic DNA as a template (5 min at 94 Protein alignment and phylogenetic analysis Multiple alignments of amino acid sequences were performed using the programs of CLUSTAL X (Thompson et al. 1997) . Based on these multiple sequence alignments, Poisson-corrected distances were estimated for all possible pairs. The phylogenetic tree based on the obtained distance matrix was constructed by the neighbor-joining algorithm implemented in the MEGA package (Kumar et al. 2004) . During phylogenetic analysis, full protein sequences were used, and gaps and missing data were completely deleted.
RT-PCR
To determine whether the NM23-Bbt2 exhibited distinct expression in different tissues of adult amphioxus, total RNAs were extracted from muscle, notochord and gill of adult amphioxus using Trizol (Invitrogen, USA). To analyze the temporal expression during embryonic development, total RNAs were extracted from different embryonic development stages: 1 cell, 3 h 20 min after fertilization (blastula), 5 h 5 min after fertilization (gastrulae, Cap-shaped embryo), 7 h 40 min after fertilization (gastrulae, Vase-shaped embryo), 8 h 50 min after fertilization (gastrulae, Bottle-shaped embryo), 10 h 30 min after fertilization (early neurula), 12 h after fertilization (hatching neurula), 16 h after fertilization (neurula) and 23 h after fertilization (knife-shaped embryo). cDNA was synthesized using the first strand cDNA synthesis kit (Promega, USA). PCR was performed using Taq DNA polymerase (Promega, USA) and specific primers (NM23h2-for and NM23h2-rev). Actin was used as the control. The specific primers for amphioxus actin were amacin-for and amacin-rev (Table 1) .
Results and discussion
Isolation and analysis of amphioxus NM23-Bbt2 cDNA sequence During screening amphioxus EST sequences, an EST sequence was found as a NM23 homologue and named NM23-Bbt2 (GenBank accession number: FJ947074). Based on the sequence, the primers NM23h2-5r1 and NM23h2-5r2 were designed (Table 1 ). The remaining part was obtained by rapid amplification of cDNA ends protocols method (see Materials and methods). The amphioxus NM23-Bbt2 cDNA is 1071 bp in length and contains an open reading frame of 513 bp coding for 171 amino acids. The 5'-untranslated region (UTR) is 17 bp in length and the 3'-UTR is 514 bp long with a potential poly (A) signal (AATAAA) 494 bases after a termination codon (TAG). Polymorphisms were observed in the NM23-Bbt2 cDNA sequence. Within the coding region of 513 bp, 8 substitutions were noted (1.6%). This degree of polymorphism is lower than that found in the 5'-UTR and the 3'-UTR of amphioxus Pax6 (2.5%) (Glardon et al. 1998) and in the coding region of amphioxus FGFRL1 (5.7%) (Beyeler & Trueb 2006) . All substitutions remain silent because they occur in the third position of the amino acid codes or in the 5'-UTR and 3'-UTR. These differences might reflect different strains or different haplotypes of B. belcheri tsingtausense.
To reveal the characteristics of the protein encoded by NM23-Bbt2, the deduced amino acid sequence was aligned with other 7 representative members of NM23-H2 homologues from a variety of organisms including invertebrates and vertebrates. At the amino acid level, the NM23-Bbt2 shared about 50-70% identity with that of invertebrates and vertebrates (Table 2) . Also, it was found that the N-termini of amphioxus NM23-Bbt2, fly Awd and sea urchin NM23-H2 were longer than that of other vertebrates, while the nematode protein was almost the same as vertebrates.
A typical conserved NDPK domain was located between residues 22 and 159 with the catalytically relevant and phylogenetically conserved histidine residue H136 (Fig. 1) . It has been demonstrated that the phosphorylation of nucleoside diphosphate kinase (NDP) repressed its kinase activity (Uno et al. 2002) . Three phosphorylation sites were identified from the deduced amino acid sequence of the NM23-Bbt2 (Fig. 1) using the PROSITE domain analysis. These were one protein kinase C (PKC) phosphorylation site, one casein kinase II (CK2) phosphorylation site and one tyrosine kinase phosphorylation site. Also, another two motifs, an N-myristoylation site and a cell attachment sequence, were found in the amino acid sequence. Apart from the CK2 phosphorylation site, these motifs are conserved in NM23-H2, NM23-M2, X. laevis NM23, D. rerio NM23-B, S. purpuratus NM23, D. melanogaster NM23-awd and C. elegans NM23. PKCs and CK2 are serine threonine protein kinases. CK2 is required for cell-cycle progression (Blanquet 2000) , and PKCs play a key role in the extracellular signal transduction (Murphy et al. 1998) . Tyrosine kinase phosphorylation is the mediator of signal transduction from cell surface to nucleus for many growth factors (i.e. PDGF, EGF). Nmyristoylation is an acylation process in which a protein associates with the membrane (Boutin 1997) . These motifs suggest that NM23-Bbt2 might be attached at the cell/nuclear membrane, activated by a number of kinases, and involved in signal transduction in addition to its enzyme activity. The high conservation of these motifs suggests that they are critical for the function of NM23. It was suggested that the N-and C-terminal domains of NM23-H2, which were exposed to the surface of the hexamer in the crystallographic structure (Dumas et al. 1992) , could be involved in the DNAbinding activity. There are twelve important divergent residues in the two domains (R42, E46, H47, Q50, I53, P62, N69, K135, D141, H147, D148 and V150) of human NM23-H2 (Fig. 1) . In mouse NM23-M1, the N69 and K135 of human NM23-H2 are replaced by H69 and Q135. The mutations H69N and Q135K did not increase the DNA-binding activity in mouse NM23-M1 (Arnaud- Dabernat et al. 2004) . Mutating six of the remaining 10 did not show any modification in protein/DNA-binding properties (Postel et al. 1996) . This suggests that other untested amino acids I53, P62, D141 and V150 could also play a role in the transactivation properties of NM23-H2. But in amphioxus M23-Bbt2, P62 and D141 are replaced by A80 and T159, respectively. Another amino acid (R34), which was not on the surface of the hexamer, has been shown to be critical to human NM23-H2-DNA-binding (Postel et al. 1996) . However, in amphioxus NM23-Bbt2, R34 of human NM23-H2 is replaced by K52. This indicates that the remaining conserved I53 and V150 may be important for the DNA-binding activity. Alternatively, different amino acids may reflect different specificities of DNA-binding among family members.
Expression of amphioxus NM23-Bbt2 during embryogenesis
The RT-PCR results show that the amphioxus NM23-Bbt2 is expressed from one cell stage to early larval stage or larvae ( Fig. 2A) . However, in the Salmo salar, NM23 is first expressed at the time of gastrulation (Murphy et al. 2000) . Xenopus laevis NM23s are expressed early and transiently during mesoderm and (1) DL2000 marker, (2) one cell, (3) blastula, (4) gastrulae, Cap-shaped embryo, (5) gastrulae, Vase-shaped embryo, (6) gastrulae, Bottle-shaped embryo (7) early neurula, (8) neural induction, and are thought to be involved in cell fate establishment or totipotency maintenance (Ouatas et al. 1998) . In early embryonic development, the transcript of Drosophila melanogaster awd can be detected during the second larval instar after mesoderm induction (Dearolf et al. 1988b) . Mutation or reduced awd expression resulted in aberrant differentiation after metamorphosis (Bigg et al. 1988) . In mammals, NM23s have also been shown to play an important role in early development (Steeg et al. 1988b; Lakso et al. 1992) . All these results suggest that amphioxus NM23-Bbt2 might play a pivotal role in the early embryonic development of amphioxus.
The distribution of NM23-Bbt2 in the tissues of adult amphioxus The tissue expression pattern of NM23-Bbt2 was determined by RT-PCR. As shown in Figure 2B , NM23-Bbt2 was detected in the notochord, muscle and gill. In adult mice, NM23-M2 and M1 were widely expressed in all tissues (Amrein et al. 2005) . Whereas NM23-M1 was preferentially expressed in the nervous system and sensory system, NM23-M2 was found ubiquitously (Amrein et al. 2005) . Our result confirms that NM23 is expressed in the neuronal tissues.
Phylogenetic analysis of amphioxus NM23-Bbt2
As a universal enzyme at a pivotal position of nucleoside synthesis pathway, NDPK universally resides among the three domains of life: Eubacteria, Archaea and Eucarya. Therefore, NDPK genes were utilized as a good parameter for molecular evolution study (Doolittle et al. 1996) . The phylogenetic studies on NDPK evolution have also been performed (Troll et al. 1993; Lacombe et al. 2000; Ishikawa et al. 2003) in different species including invertebrates and vertebrates except the cephalochordate, which is the closest living invertebrate relative of the vertebrates.
Unicellular organisms such as Escherichia coli (Hama et al. 1991) and Saccharomyces cerevisiae Fig. 3 . Phylogenetic analysis of amphioxus NM23-Bbt2 cDNA deduced amino acid sequences. The tree was constructed using neighborjoining method with the set of aligned sequences (Fig. 1) , plus E coli (YP 670413), Human NM23-H1 (NP 937818), Human NM23-H2 (NP 002503), Human NM23-H3 (NP 002504), Human NM23-H4 (NP 005000), Human NM23-H5 (NP 003542), Human NM23-H6 (NP 005784), Human NM23-H7 (NP 932076), Human NM23-H8 (AAF20909), Mouse NM23-M1 (NP 032730), Mouse NM23-M2 (AAH86892), Mouse NM23-M3 (AAG02199), Mouse NM23-M4 (AAD38977), Mouse NM23-M5 (NP 542368), Mouse NM23-M6 (AAC78464), Mouse NM23-M7 (AAF20906). (Fukuchi et al. 1993 ) generally possess only one NM23/NDPK gene while multicellular organisms possess multiple divergent paralogous genes beside an ortholog. For example, slime mold Dictyostelium dicoidium and worm Caenorhabditis elegans both have three NM23 genes, fruit fly D. melanogaster has four, higher invertebrate sea squirt Ciona intestinalis has at least five related genes (Dehal et al. 2002) . In all vertebrates, eight related genes have been found (Steeg et al. 1988b; Kimura et al. 1990; Stahl et al. 1991; Urano et al. 1992; Shimada et al. 1993; Venturelli et al. 1995; Milon et al. 1997; Munier et al. 1998; Mehus et al. 1999; Tsuiki et al. 1999; Kargul et al. 2000; Masse et al. 2002; ) . It thus seemed that the number and diversity of the gene family increased in association with the complexity of the body plan, and the ancestral genes corresponding to each of vertebrates NM23 genes probably occurred before the appearance of vertebrates. Actually, a similarity search carried out using BLAST has identified nine related genes in Branchiostoma floridae genome sequence (http://genome. jgi-psf.org/Brafl1/Brafl1.info.html), i.e. even more than the number of vertebrates.
To shed more light on the evolution of the ortholog and/or paralogues of NM23 from amphioxus to vertebrates, a phylogenetic tree was constructed (Fig. 3) . It showed that NM23-Bbt2, NM23-Bf (1-4) and the human group 1 NDPKs (H1-4) were clubbed together, and the same also for NM23-Bf (5-9) and the human group 2 NDPKs (H5-8). This suggests that the amphioxus group 1 NDPKs (Bf1-4) may be precursors of the human group 1 NDPKs, NM23-Bf5, NM23-Bf6, NM23-Bf7 and NM23-Bf8 may be precursors of NM23-H5, NM23-H6, NM23-H7 and M23-H8, respectively. The B. floridae NM23-Bf9, which positioned in the same clade with human NM23-H8, could be evolved from NM23-Bf8 by gene duplication at and after the separation of amphioxus from vertebrates. NM23-Bf1, NM23-Bf2, NM23-Bf3 and NM23-Bf4 all display five exons and the splicing sites of the last four exons are rigorously conserved. NM23-Bf1 and NM23-Bf2 were assigned to the scaffold 277 in a tandem array. NM23-Bf3 and NM23-Bf4 were assigned to the scaffold 24 in a tandem array. It seems that NM23-Bf (1-2) and NM23-Bf (3-4) were generated by a gene duplication event before the appearance of vertebrates. Our finding of nine NM23 genes in the B. floridae genome, the precursor of vertebrates, strongly suggests that the ancestral gene corresponding to each of vertebrates NM23 genes generated before the appearance of vertebrates.
Genomic structure of NM23-Bbt2
A PCR-based strategy was used to determine the genomic organization of NM23-Bbt2. A 2.3 kb-long fragment was obtained using two specific primers and sequenced. Comparison of the genomic sequence with the cDNA showed that the NM23-Bbt2 contained five exons and four introns, and the exon/intron splice sites followed the GT-AG rule. The number of NM23-Bbt2 introns is the same as that of vertebrates, but the distribution of NM23-Bbt2 introns is different from that of vertebrates (Fig. 4) .
NM23-Bbt2 was mapped in the floridae amphioxus genomic assembly (Scaffold 277). From the assembly, NM23-Bf1 and Bf2, which are homologous genes of human NM23-H1 and H2, were predicted. Both of these two genes contain four introns, and the locations of three of four introns are conserved with the two major isoforms (Fig. 4) . In amphioxus, NM23-Bf1 and Bf2 also display five exons and the splicing sites of the last four exons are rigorously conserved.
Comparison of the genomic structure of the NM23-Bbt2 with that of several different species shows that the intron numbers have generally increased as species evolution has proceeded (Fig. 4) . Unicellular organisms such as E. coli and S. cerevisiae possess only one undivided NDPK gene (Hama et al. 1991; Fukuchi et al. 1993) . Slime mold D. discoideum possesses two genes containing two and four introns, respectively (Lacombe et al. 1990; Troll et al. 1993) . C. elegans ndk has two species-specifically located introns (Zang and Maizels 2001) . D. melanogaster awd has a single intron (Biggs et al. 1988; Dearolf et al. 1988a; Adams et al. 2000) . Amphioxus NM23-Bbt2, NM23-Bf1 and Bf2 all have four introns, and the inserted position of one intron is unique to this species. The mammalian genes for two major isoforms (NM23-H1 and H2 in human, α and β in rat; NM23-H1 corresponding toβ and H2 corresponding to α, respectively) contain four introns (Shimada et al. 1993) , too.
There are many hypotheses such as the "intronearly" hypothesis (Gilbert 1987) , and the "intron-late" or transposon (Cavalier-Smith 1985) focused on the origin of introns (Trotman 1998) . In spite of these unsettled controversies, exon-intron structures in the homologous genes are conserved in a certain manner. Therefore, the exon-intron structure of the gene would provide another hallmark of gene evolution. It is interesting to note that the coding region of NM23 in mouse and human is only in the last four exons, while the coding region of NM23 in amphioxus is in the total five exons. And the second last exon of NM23 in mouse and human is divided into two exons in amphioxus. The awd locus of the fruit fly has one intronic sequence exactly corresponding to the location of the second intron of the human NM23-H1 and NM23-H2. The awd is thus regarded to represent an archetype of the mammalian NDPK gene, and a duplication of the ancestral gene could have occurred in the chordate ancestor after the separation of these species (Ishikawa et al. 2003) . The nematode C. elegans NDPK contains two species-specific positions (Ishikawa et al. 2003) just like other nematode genes (Zang and Maizels 2001) . These studies suggest that these nematode ndk introns could be inserted in the genome after phylum separation under species-specific mechanism. Analysis of the introns of awd, zebrafish NM23-B, human NM23-H2 and amphioxus NM23-Bbt2, indicates that the first, second and fourth introns of amphioxus NM23-Bbt2 corresponded with the second, third and the fourth introns of zebrafish NM23-B and human NM23-H2, respectively. Our data suggest that the first, second and fourth introns of amphioxus NM23-Bbt2 could be inserted in its genome before its separation from vertebrates, and the third intron of NM23-Bbt2 in amphioxus could be generated in its genome after its separation from vertebrates under species-specific mechanism. These facts further suggest that the vertebrates and the amphioxus might have different evolution processes after the amphioxus separated from vertebrates.
